The scanning angiographic microscope (SAM) provides a solution to the considerable technical difficulties associated with conventional episcleral Buorescein angiography. Standardised anterior segment fluores cein videoangiograms were performed using the SAM in each episcleral quadrant of the right eye in 6 normal subjects; frame-by-fram� analysis proved important. The blood supply to the anterior segmentl-3 is derived from two circulations, one external to the eye and one with an intraocular route. The external circulation comprises the anterior ciliary arteries, which are continuations of the muscular arteries of the rectus muscles. The anterior ciliary arteries emerge from the rectus muscles posterior to the transition kom muscle to tendon,4 and run forward along the tendon before dividing within the episcleral tissues into branches5 that supply an extensive
circumepiscleral plexus anterior to the rectus muscle insertions. A few large branches of the anterior ciliary arteries pass through scleral channels into the eye, where they arborise almost immediately to supply the iris, intramuscular circle, ciliary muscle, and anterior choriocapillaris. 5, 6 The intraocular component of the anterior seg ment blood supply6-8 consists of the medial and lateral long posterior ciliary arteries, which are the main source for the major arterial circle of the iris; they also supply the ciliary processes, and give branches to the ciliary muscle. A primate study has suggested that an extensive collateral system may occur in the intramuscular circle between the anterior ciliary and long posterior ciliary circula tions,S although this has been disputed in two human studies. 6, 7 It is generally accepted that the anterior ciliary arteries provide a major part of the vascular supply to the anterior uvea via their scleral perforating branches.1-3 This view is supported by the develop ment of anterior segment ischaemia following tenotomy of the vertical rectus muscles, particularly when combined with additional tenotomies,4,9-11 and by the results of studies involving corrosion vascular castings,5-8 the injection of labelled micro spheres,12,l3 and extraocular muscle tenotomies in primates.14-- 16 However, several investigations of the circulatory dynamics using segment fluorescein angiography have concluded that blood flow in the anterior ciliary arteries is principally centrifugal or retro grade in direction, [17] [18] [19] [20] [21] [22] [23] [24] [25] and that the anterior ocular surface is predominantly supplied from within the globe. These angiographic observations appear to be at odds with most of the non-angiographic clinical and experimental data. Conventional angiographic studies use off-axis light sources (to reduce high lights) that produce markedly uneven illumination across the curved episcleral surface. The resulting variable fluorescence excitation may be exacerbated by differences in scleral reflectance at increasingly acute angles of incidence of excitation light. Furthermore, most studies have the scleral perforat ing vessels in the central, highly illuminated parts of the field and the anterior ciliary arteries in the less illuminated periphery. The interpretation of photo graphic records is restricted further by their dependence upon slow flash-recycle times and the highly non-linear characteristics of photographic film at low light intensities. The low light levels that are a hallmark of a fluorescent light source also lead to a shallow depth of field when' using conventional photographic or video close-up cameras, with the periphery of the field commonly out of focus. Finally, light reflexes from the tear film and 'pseudofluores cence' commonly interfere with angiography.
These problems are controlled by the configura tion of the scanning angiographic microscope (SAM),26 a recent development of the scanning laser ophthalmoscope?7 ,2 8 The field is co-axially scanned by a 488-nm laser (Siemens, Munich, Germany) raster with a long depth of focus?6 Tight filtering provides a dark (scleral) background with out light reflexes. The returned light is collected by a 1-mm avalanche photodiode detector and integral amplifier (RCA, Vaudreinline, Quebec, Canada), a highly sensitive detection system with high signal-to noise ratio. Real-time TV operation and SNHS video recording are other important advantages.
The scanning functions of the SAM are tightly integrated electronically with the TV monitor image signal, resulting in point-to-point reciprocity?9 Each pixel of the monitor corresponds to a particular point in the illumination raster. A modest limitation of image resolution compared with conventional photo graphy results from restrictions inherent in a 500-line TV raster. No useful information appears to be lost in SAM anterior segment videoangiography, and there is greatly improved image uniformity across the field.2 . 6 The recorded SNHS video image is a little degraded compared with the 'live' image on the monitor. 26 The video frame rate of 30 Hz provides 30 frames (60 fields) per second, rather than the one field every few seconds in conventional photographic angiography. The analysis of SAM video images is a dynamic and not a static process, but, for purposes of publication, images are obtained by direct photo graphy of the monitor screen, collecting approxi mately seven video frames over an 0.25-second exposure?6 These photographed images are signifi cantly inferior to the video image.
In view of the conflicting opinions regarding the vascular dynamics of the anterior ciliary and episcleral vasculature, we have systematically stu-
died the transit of fluorescein in normal human subjects using this new technology.
MATERIALS AND METHODS
We performed anterior segment fluorescein videoan giograms in each of the episcleral quadrants of the right eye in 6 normal human volunteers (4 men, 2 women; age range 21-42 years). The individuals had no ocular or systemic disease and were not taking medication. The results of ocular examination were normal in each subject. Colour photographs of all four quadrants aided interpretation of the videoan giography. The protocol followed the tenets of the Helsinki Declaration and was appro�ed by the institutional human experimentation committee. All subjects gave their informed consent.
The methodology has been described previously?6 Briefly, 2 ml of 25% sodium fluorescein was injected rapidly into an antecubital vein via a three-way tap during a sustained period of inspiration. The cannula was flushed immediately with a 5-ml bolus of balanced salt solution coincidental with a rapid expiration?O Video recording with an audio hookup was begun before fluorescein injection and continued for 2-3 minutes.
The four quadrants were studied at four separate sessions. Standard visual fixation points were provided by red, light-emitting diodes mounted at visual angles of 42° on either side of the midline from the neutral eye position, and at 30° elevation and 45° depression in the midline. Insertion of a lid speculum after topical proparacaine 0.5% anaesthesia was necessary for the superior quadrant angiograms. Movement of the headrest during the fluorescein transit permitted extension of the fields into the fornices.
The scanning angiographic microscope was con figured to give a 10 X 10 mm field and X25 magnification at the TV monitor. Scleral irradiance of the scanned 488-nm blue laser was standardised at 100-110 IJ-W/cm2. A diagram of the SAM is shown in Fig. 1 . Because the tight filtration in the collection optics provided a black background, a second 'focusing and alignment' channel using a blue reflector dichroic beam splitter and separate moni tor was provided to image the episclera in unfiltered blue light. The instrumentation of the SAM has been discussed in detail elsewhere?6 The fluorescein angiograms were recorded on S/VHS videotape using a Panasonic (Secaucus, NJ, USA) SNHS AG-7300 video recording unit.
Analysis of the fluorescein transits was undertaken according to a detailed protocol. The angiographic sequence was timed from the completion of fluorescein injection. Interpretation of the video images was enhanced by the frame-by-frame advance and reverse playback features of the Panasonic video unit and by use of a high-resolution monitor. For purposes of illustration, a photographic record was made directly from the videoscreen using a Nikon F2 camera, Nikkor 50-mm lens (Nikon, Garden City, NY, USA) and Kodak Plus X Pan film (ASA 125: Eastman Kodak, Rochester, NY, USA) with an aperture of f4 and an exposure of 0.25 second. The vascular anatomy revealed at videoan giography was compared with slit lamp examination and four-quadrant colour photography using Ekta chrome film (Kodak, Rochester, NY, USA).
RESULTS
The episcleral vasculature is an unusually complex vascular bed characterised by multiple overlying vascular layers. Fluorescein transit is rapid, angio graphic staging is imprecise, and vascular detail is soon compromised by extensive fluorescein leakage. Therefore, useful anatomical and clinical information is compressed into the first 30 seconds or so. Real time interpretation of a videoangiographic record with frame-by-frame playback facilities in this context is invaluable. It should be remembered that the quality of our illustrations is much inferior to the original video images. The figures were taken by photographing the TV monitor, and seven video frames in dynamic sequence (0.25-second exposure) were averaged.
Antecubital-Episcleral Perfusion Time
The time taken to first detect fluorescein in the anterior ciliary arteries was determined for each angiogram using standard injection conditions and the same injector (Table I) . There was an approx imate relationship between subject height and appearance time, but there was no significant difference by episcleral quadrant.
Determination of Direction of Flow
Careful observation of the fluorescent vascular images determined both highly fluorescent and darker spots moving throughout the episcleral vessels. These particles appeared and disappeared, but along every vessel, however small, they could be seen moving predominantly in a direction and at a rate consistent with the nature of that vessel. A small proportion of the particles appeared to move in the reverse direction, but this was believed to be due to the raster nature of the illuminating (and imaging) optics that periodically detected similar particles in a retrograde position as others tumbled away from the fluorescing surface of the blood column. Maximum contrast and reduced-brightness settings on the monitor, slowing the videotape, and advance and reverse playback were useful in discerning the direction of flow. There was no directional move ment seen in areas of venous leakage. Real-time video analysis convin cingly demonstrates this to be the case. 
Flow Kinetics in the Anterior Ciliary Arteries
A centripetal direction of flow was shown throughout the extent of each anterior ciliary artery, to the termination of their branches as perforating scleral arteries or as ramifications in the anterior episcleral circle. Retrograde (centrifugal) flow was not seen during the fluorescein transit in any of the 37 perforating scleral arteries detected in the 6 subjects. The first few anterograde arterial pulsa tions of the fluorescein dye front in the anterior ciliary arteries and its primary branches often could be seen. Owing to the rapidity of events, it was not possible to transfer the clear evidence for ciliary artery anterograde flow from the video record into static photographic images made directly from the television monitor.
Arterial Phase
The lid margin fluoresced 1 or 2 seconds before the dye front was detected in the episcleral circulation. The number of anterior ciliary arteries emergent from the rectus muscle in each quadrant is shown in Table II . Arteries generally filled simultaneously in any one quadrant, but on three occasions (twice in the same individual) there was an approximately 2-second filling delay between adjacent anterior ciliary arteries in a single quadrant. Main anterior ciliary arterial branches approach to within 2-3 mm of the limbus before ramifying with adjacent vessels. Most of the blood supply was provided by the seven to ten anterior ciliary arteries, although there were occasional components provided by branches from the posterior conjunctival arteries (Fig. 2 ). An irregular and highly variable anterior episcleral arterial circle was highlighted over a period of several seconds, often with prominent arteriovenous anastomoses (Fig. 3) . There was marked variation in the calibre of individual anterior ciliary arteries, which were generally smaller in the horizontal meridia (especially in the temporal quadrant) and larger, multiple, and with more extensive connections in the vertical quadrants (particularly inferiorly). The vertical arteries char acteristically supplied large temporal and nasal branches to the episcleral circle (Fig. 4) . There was marked individual variability. The perforating scleral arteries were larger vessels than the episcleral branches and passed through scleral foramina, commonly within 1-2 mm of the limbus (Table III) . Over several seconds, an extensive multilayered anterior circumepiscleral plexus was illuminated (Figs. 4, 5) . The arterial phase merged imperceptibly with the arteriovenous phase. Flow directions in the episcleral arterial circle were highly variable, and small segments were occasionally seen with tempor ary cessation of flow. Radial arterioles supplied the limbal arcade (Fig. 6a) , and further branches could sometimes be imaged coursing into the limbal palisades of Vogt (Fig. 6b) . Recurrent anterior conjunctival arterioles arose from the arcade and passed backwards over the anterior episclera in the limbal reflection of the conjunctiva (Figs. 5, 6 ).
The posterior conjunctival arteries began to fill 2-8 seconds after the anterior ciliary artery dye front. The episcleral circulation posterior to the rectus muscle insertions was supplied by small branches of the posterior tarsal vessels that passed anteriorly to ramify with the anterior episcleral circulation. In most eyes, although the posterior episcleral circula tion was delayed, there was full anastomosis between the two (variable) vascular territories and no evidence for a distinct 'watershed' zone (Fig. 7) .
Arteriovenous and Venous Phases
Filling of the posterior episcleral circulation was usually delayed until the anterior episcleral arterio venous phase was well under way. Arteries and veins often ran close together and could be differentiated only by careful observation over a period; small changes in shape and outline associated with changing directions of flow often were seen as the arterial fluorescence was replaced by venous drainage in adjacent vessels. An extensive episcleral vascular net was filled over a few seconds. Directions of flow within this system were complex and poly directional. Anteriorly, flow in interdigitating channels was principally in an axial direction. Towards the fornices, the net was wider and flow was mainly circumferential, towards the rectus muscle. Overlying conjunctival vessels had to be differentiated from the episcleral plexus; subject blinking was useful to move the conjunctival vessels over the episclera. Aqueous vein laminar flow was not detected using this technique because of the black background produced by tight filtering. The venous phase was defined by the emptying of the anterior ciliary arteries. The venous drainage of the episclera was complex and multilayered. The superficial episcleral veins draining the limbus were often linear and radial for the first 2-3 mm. Fluorescein leakage occurred early and largely from the episcleral venules; initially, the leakage had a patchy distribution and appeared to occur more prominently from circumferential vessels (Fig.  8) . The leakage of fluorescein was uncommon in the conjunctival and perilimbal vessels of most indivi duals. Leakage was notably greater in the inter palpebral area. In the late phase, the sub-Tenon's space was filled diffusely with fluorescein that obscured the episcleral vasculature and highlighted the empty conjunctival vessels.
DISCUSSION
The SAM provides a solution to several problems associated with anterior segment fluorescence angio graphy. Its even, coaxial illumination, large depth of focus, real-time video recording, and fast optical speed provide advantages that are not available to an appreciable extent with close-up photographic methods or with modern videocamera techniques?6 The difficulties associated with intravascular fluores cence induction across a curved reflecting surface when using uneven, off-axis illumination have largely been overlooked.
An important problem with the static presentation of intermittently sampled data that are obtained with conventional anterior segment angiography is the proper identification of arteries and veins. 22 This is a manifestation of both the structural complexity of the vascular bed and the rapidity of events in the episcleral-conjunctival circulation. However, inter pretation of the fluorescein transit in optimised, dynamic SAM video angiography makes their dis tinction very clear as origins, sequence, flow and interconnections are clearly observed. For example, it is claimed that because the colour of the episcleral vessels is an unreliable indicator of whether an anterior ciliary vessel is an artery or vein, morpho logical features alone are the most reliable criteria, such that small, straight scleral vessels are probably veins and wide, tortuous vessels are probably arteries.22 Our dynamic studies do not support this contention, because arterial width varies markedly, and we suspect that tortuosity is a manifestation of hypertensive, diabetic or age-related changes?1,32 not seen in our relatively young cohort. SAM video angiography can resolve such interpretive difficulties.
Our data strongly support the contention that the angiographic evidence for primarily retrograde flow in the anterior ciliary arteries from an intracular source17-25 is mistaken and explained on methodol gical grounds. We investigated the vascular kinetics of each of the anterior ciliary arteries and their perforating scleral branches in 6 subjects by SAM fluorescein angiography and failed to find vessels that did not have centripetal or anterograde flow. We believe that there are technical reasons why conven tional angiographic techniques have usually,17-25 but not always,31,33 led to the contrary conclusion, and these have been discussed above. All four quadrants of 6 healthy subjects with ages ranging between 21 and 42 years were investigated by strict protocol. Although a small sample size, the previous investiga tion of 11 individuals26 showed identical flow patterns in all the anterior ciliary arteries studied.
Some studies reporting retrograde flow have inves tigated mainly elderly patients?2,34 Although the possibility may exist that anterior ciliary artery flow may become reversed with advancing age, we know of no supportive data. Furthermore, Laatikainen31 reported evidence for centripetal flow in 156 eyes of an elderly population with a high prevalence of glaucoma. In addition, the potential implications for fluorescence angiography of the thicker, more opaque Tenon's fascia near the extraocular muscles3 and the thinner fascia close to the limbus3 have been over looked. It needs to be considered whether the anterior ciliary arteries might sometimes be compressed within
the rectus muscle sheaths at extreme positions of gaze, with consequent reversal of their flow, but we find no evidence that this occurs. The anatomical and clinical evidence supporting this centripetal (anterograde) direction of flow in the anterior ciliary arteries is substantial. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The best argument supporting the validity of the directional interpretations of blood flow in SAM videoangiography is the internal consistency pro vided by the appropriateness of the direction and rate in vessels of different configurations throughout the vascular transit in all quadrants. It is believed that the spots of low fluorescence represent erythrocyte rouleaux formations (as red cells absorb fluorescein poorly) and that the highly fluorescent spots are due to segments of cell-free plasma?5 Fluorescence induction in blood is essentially a surface phenom enon,36 and rouleaux may tumble into and out of the surface layer. There is no 'particulate' motion in areas of perivascular fluorescein leakage. Flow direction can be discerned in virtually every episcleral vessel that can be imaged, except where overlapping occurs.
The vascular organisation revealed by this study is similar to that shown by montage reconstruction of methylmethacrylate corrosion castings of the non human primate eye. 8 The anterior episcleral circle is less well developed and more irregular in man. However, the much larger vertical anterior ciliary arteries are a shared feature, and these vessels generally give major medial and lateral branches to the arterial circle. The numbers and distribution of anterior ciliary perforating arteries were in general agreement with a recent biomicroscopic study;37 they were almost twice as common in the vertical compared with the horizontal meridia. Scleral emissary vessels were small and seen in only 3 of 12 horizontal and in no vertical quadrants. Occa sionally, small posterior conjunctival arteries con tributed directly to the anterior episcleral circle,31 which was otherwise derived directly from branches of the anterior cilary arteries. The antecubi tal-episcleral fluorescein perfusion time31 was greater than the reported antecubital-retinal transit times.
Our findings of vascular organisation of the anterior episcleral and limbal circulations were in general agreement with the detailed descriptions of Meyer and colleagues,24,25,3 8 except that we were unable to find cogent evidence for the existence of discrete vascular fields (in the sense of arteriovenous units) and, in most eyes, for a 'watershed' zone between the anterior and posterior episcleral circulations. The pattern was one of extensive collateral flow between regions, 8 as is evidenced by clinical recovery following extraocular muscle teno tomies. We also observed that arterial-arteriaI24,2 5 and arteriovenous25,39-41 anastomoses were common in the episcleral vasculature. Despite vasodilation from the use of topical proparacaine in superior quadrant angiograms, necessitated by the lid spec ulum, no dynamic differences could be discerned in the vascular dynamics of this segment compared with the others.
The majority of episcleral vessel are reported to be venules. 42 Fluorescein leakage was patchy and occurred around small segments of vessels. Leakage was greater in the horizontal than in the vertical meridia and was most extensive in the region where the anterior and posterior episcleral circulations abutted; leakage was less from perilimbal and conjunctival venules?4 The precise nature and significance of these 'leaky' venous segments await further study. Under the standard conditions of this investigation, episcleral fluorescein leakage varied significantly between individuals, but was uniform within the individual. The flow patterns within the microcirculation were decidedly multidirectional as has been described previously using red-free video microscopy. 3 8 
